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Edited by Ulf-Ingo Flu¨ggeAbstract Among the ABC transporters, the pleiotropic drug
resistance (PDR) family is particular in that its members are
found only in fungi and plants and have a reverse domain orga-
nization, i.e., the nucleotide binding domain precedes the trans-
membrane domain. In Arabidopsis and rice, for which the full
genome has been sequenced, the family of plant ABC transport-
ers contains 15 and 23 PDR genes, respectively, which can be
tentatively organized using the sequence data into ﬁve subfami-
lies. Most of the plant PDR genes so far characterized belong
to subfamily I and have been shown to be involved in responses
to abiotic and biotic stress, in the latter case, probably by trans-
porting antimicrobial secondary metabolites to the cell surface.
Only a single subfamily II member has been characterized.
Induction of its expression by iron deﬁciency suggests its involve-
ment in iron deﬁciency stress, thus, enlightening a new physiolog-
ical role for a PDR gene.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Botrytis; Iron1. Introduction
The ABC (ATP-binding cassette) transporters are present in
all living organisms and constitute a large gene family. They
share a common basic structure formed by the repetition of
two structural domains: a cytosolic domain (nucleotide bind-
ing domain: NBD), which contains conserved sequences in-
volved in ATP binding and hydrolysis, and a hydrophobic
trans-membrane domain (TMD), involved in translocating
and possibly binding the substrate. These general properties
have been extensively reviewed in detail [1,2] and will not be
described further here.
The NBD and TMD domains can be expressed indepen-
dently, as in many prokaryotic ABC proteins. For many
eukaryotic ABC proteins, the domains are fused to generate
proteins consisting of either one NBD and one TMD (‘‘half-
size’’) or two NBDs and two TMDs (‘‘full-size’’) sometimes
with additional TMDs [1,2]. The full-size ABC transporters
can be subdivided into three families: multidrug resistance*Corresponding author. Fax: +32 10 473872.
E-mail address: boutry@fysa.ucl.ac.be (M. Boutry).
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doi:10.1016/j.febslet.2005.12.043(MDR, [TMD–NBD]2), multidrug resistance-associated pro-
tein (MRP, TMD-[TMD–NBD]2), and pleiotropic drug resis-
tance (PDR, [NBD–TMD]2). These names come from the
initial observation that members of these families confer resis-
tance to various drugs, e.g., added to the culture medium of
fungi or used to treat cancer. However, these deﬁnitions are
too restrictive, as these proteins also transport other substrates
and are involved in functions other than detoxifying cells.
The PDR family is unusual in that it is only found in fungi
and plants. It was ﬁrst characterized in the yeast Saccharomy-
ces cerevisiae [3,4], in which nine PDR genes were identiﬁed
among thirty putative ABC transporters. Of these, PDR5,
the best studied member, confers resistance to a large set of
functionally and structurally unrelated toxic compounds
(e.g., antifungal and anticancer drugs) [5]. Another PDR,
SNQ2, is also involved in resistance to a large collection of
drugs [5], while the PDR12 product transports weak organic
acids [6].
In plants, the availability of the whole genomic sequence of
Arabidopsis led to the identiﬁcation of 15 PDR genes [7–9].
Analysis of a partial genome of rice resulted in the identiﬁca-
tion of 15 PDR genes [10]. Additional sequence from the rice
genome allowed Garcia et al. [11] to identify seven additional
PDR genes. Finally, the recent completion of the rice genome
[12] allowed us to complete the annotation and bring the total
rice PDR family to 23 (Table 1). This number, higher than the
15 found in Arabidopsis, is puzzling, since the total number of
ABC transporters found in both species is approximately the
same (128 in rice and 127 in Arabidopsis) [11].
To obtain a better insight into the PDR family, we generated
a phylogenetic tree of all PDR genes identiﬁed in plants
(Fig. 1). The availability of both monocot and dicot genes
allows better deﬁnition of clusters resulting from ancient gene
duplication and divergence. This tree can be tentatively orga-
nized into ﬁve clusters or subfamilies, each containing genes
from both Arabidopsis and rice, indicating that this clustering
corresponds to divergence that occurred before the separation
between monocots and dicots. Cluster I contains 12 PDR
genes from rice, but only 2 from Arabidopsis. This largely ac-
counts for the higher number of PDR genes found in rice. At
least two hypotheses can be proposed to explain this diﬀerence
between the two species. Firstly, gene duplications in rice
ancestors might have resulted in the diﬀerent genes being ex-
pressed in particular cell types or at diﬀerent developmental
stages, while the two Arabidopsis genes may be more broadly
expressed. In this case, the two Arabidopsis genes would performblished by Elsevier B.V. All rights reserved.
Table 1
Accession numbers of plant PDR genes
Name Sanchez-Fernandez et al. [7] Martinoia et al. [8] Van den Bruˆle et al. [9] Jasinski et al. [10] Garcia et al. [11] TIGRa Others
AtPDR1 BAB01273, AAB63643 AB023046 BK001001
AtPDR2 CAB78564, CAB78565 AL161540 BK001000
AtPDR3 AAC31858 AC004648 BK001002
AtPDR4 AAC32236 AC005168 BK001003
AtPDR5 AAC98048 AC005896 BK001004
AtPDR6 AAD24623 AC006919 BK001005
AtPDR7 AAD39650 AC007591 BK001006
AtPDR8 AAD39329 AC007258 BK001007
AtPDR9b CAB67655 AP002043 BK001008
AtPDR10 BAB02609, MJ16_10 AC083891 BK001009
AtPDR11 AAF98206 AL132966 BK001010
AtPDR12b AAF71978 AC013453 BK001011
AtPDR13 AAG50592 AL161540 AL161541 BK001012
AtPDR14 BK001013
AtPDR15 BK001014
OsPDR1 BK001015 AJ535054 3908.m00138 11674.m04352
OsPDR2 BK001016 AJ535053 4282.m00175 3862.m00180 11668.m03078
OsPDR3 BK001017 AJ535052 3222.m00174 6376.m00141 11687.m03479
OsPDR4 BK001018 AJ535051 5875.m00153 2448.m00170 11668.m02055
OsPDR5 AJ535050 2069.m00241 2009.m00158 11673.m03242
OsPDR6 AJ535049 2832.m00074 2711.m00131 11667.m00773
OsPDR7 AJ535048 2427.m00184 2430.m00177 11668.m01068
OsPDR8 AJ535047 2680.m00133 11667.m04090
OsPDR9 AY271618 AJ535046 2680.m00130 11667.m04087
OsPDR10 AJ535045 2680.m00127 11667.m04084
OsPDR11 AJ535044 2680.m00129 11667.m04086
OsPDR12 AJ535043 1988.m00113 4871.m00158 11680.m03494
OsPDR13 AJ535042 4001.m00137 11676.m01226
OsPDR14 AJ535214 11667.m03141
OsPDR15 AJ535041 4392.m00150 4389.m00142 11667.m05154
OsPDR16 4775.m00199 11667.m02338
OsPDR17 5010.m00032 6126.m00257 11674.m02904
OsPDR18 4510.m00114 11681.m01487
OsPDR19 5958.m00151 11681.m01480
OsPDR20 5958.m00155 5940.m00135 11681.m01475
OsPDR21 5958.m00159 11681.m01471
OsPDR22 4644.m00119 11686.m01342
OsPDR23 11686.m03204
SpTUR2 CAA94437 [21]
NtPDR1 BAB92011 [29]
NtPDR3 CAH39853 [34]
NpPDR1 CAC40990 [25]
NpPDR2 AJ831424c
aThese rice accession numbers were downloaded from ‘‘The Institute of Genomic Research’’ (TIGR) (http://www.tigr.org/).
bIn Martinoia et al. [8], AtPDR12 is called AtPDR9 and vice-versa.
cTrombik, Jasinski, and Boutry, unpublished data.
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Fig. 1. Phylogenetic analysis of plant PDR protein sequences. Full-length protein sequences were aligned using the Clustal W program [42]. The
neighbor-joining method (PHYLIP package; [43]) was used to construct the phylogenetic tree with 1000 bootstrap replicates. Accession numbers are
cited in Table 1. OsPDR23 was identiﬁed following the completion of the rice genome [12]. Sp: Spirodela polyrrhiza; Np: Nicotiana plumbaginifolia;
Nt: Nicotiana tabacum; At: Arabidopsis thaliana; Os: Oryza sativa. AtPDRs are shown in red, OsPDRs in green, and other species’ PDRs in black. To
simplify the presentation, the branches leading to AtPDR10 and OsPDR14 have been reduced by twofold. The phylogenetic tree has been arbitrarily
divided into ﬁve clusters (I–V).
J. Crouzet et al. / FEBS Letters 580 (2006) 1123–1130 1125the same work as all the rice genes together, but the expression
data do not seem to indicate that the two Arabidopsis genes
are expressed at a high level in many organs, at least under
normal conditions (http://www.genevestigator.ethz.ch/; [13]),
thus questioning this hypothesis. Alternatively, gene duplica-
tions in rice ancestors might have been accompanied by acqui-
sition, for this cluster, of new physiological roles and/or the
ability to transport additional substrates. This makes sense if
we consider that diﬀerent plant families or even species are
known to produce distinct secondary metabolites. Diﬀerentia-
tion is therefore expected in the enzymes involved in the trans-
port of these metabolites. Although functional data are
available for this cluster (see below), we do not have enough
information about the diﬀerent genes to evaluate these or other
hypotheses.
In the other clusters, the diﬀerence between the numbers of
Arabidopsis and rice genes is smaller, but is still twofold in clus-
ters II and IV. A similar observation has been reported when
Caenorhabditis elegans ABC genes were compared to human,
Drosophila and yeast ABC genes [14]. In this case also, gene
duplication and loss were inferred from the phylogenetic analy-
sis and the authors concluded that the frequency of orthologous
pairs was lower than expected. All together, these data on ani-
mal and plant ABC genes should call for caution when ortho-
logs are functionally compared between diﬀerent organisms.2. The origin of PDRs
PDR genes are found in plants and fungi, but not in animal
or prokaryote species. Sequence analysis of yeast PDR geneshas suggested that PDRs arose by a duplication of a half-size
ABC transporter belonging to the white, brown and scarlet
gene (WBC) family [15]. Did this duplication occur once or
did it occur separately in fungi and plants? To address this
question, plant and yeast ABC transporters belonging to dif-
ferent families were randomly chosen to perform a sequence
comparison and generate a phylogenetic tree (Fig. 2). The
plant and yeast PDRs and the half-size WBC families are
clearly separate from the other full-size or half-size ABC fam-
ilies, indicating the common origin of the former. Moreover,
the yeast and plant WBC genes cluster together and cluster
separately from the yeast and plant PDRs, indicating that
the duplication of a half-size WBC leading to the PDR type oc-
curred only once and before the separation of fungi and plants.
Finally, the plant and yeast PDRs are clearly on two separate
branches, showing that the diversity of the PDR family within
each organism appeared after separation of fungi and plant
ancestors. It therefore does not make sense to compare individ-
ual yeast and plant PDRs with the idea to ﬁnd pairs with sim-
ilar functions. The conclusion that the reverse-topology ABC
transporters (WBC and PDR subfamilies) arose from a com-
mon ancestor and their absence from prokaryotic or animal
organisms suggest that the forward topology, TMD–NBD, is
ancestral within the ABC family.3. Physiological roles of PDR
Several S. cerevisiae PDR genes, such as PDR5 and SNQ2,
have been functionally characterized in detail. They confer
resistance to a large number of toxic compounds with no, or
Plant PDRs
Yeast PDRs
Plant and Yeast WBCs
Plant ABCs
Fig. 2. Phylogenetic analysis of plant and yeast WBCs and PDRs. Half-size and full-size protein sequences were randomly selected in diﬀerent yeast
and plant ABC transporter families and the protein sequences analyzed as in Fig. 1. For the plant PDR cluster, 1 corresponds to AtPDR1, 2 to
OsPDR12, 3 to AtPDR6, 4 to OsPDR5, 5 to AtPDR12, 6 to OsPDR9, 7 to AtPDR9, and 8 to OsPDR8. Accession numbers for the other
transporters are as follows: ScPDR5 (AAC49639), ScSNQ2 (CAA88071), ScAUS1 (NP_014654), ScADP1 (NP_009937), AtWBC25 (AAF69540),
OsWBC1 (4181.m00159), AtWBC20 (CAB67658), OsWBC2 (5247.m00198), AtWBC11 (AAF97264), OsWBC3 (2043.m00141), OsWBC4
(3409.m00111), AtWBC9 (CAB81392), AtATH13 (BAA97306), AtPMP1 (AAD25615), AtMRP1 (AAG51096), OsMRP1 (5470.m00141), AtMRP3
(BAB01399), OsMRP4 (2530.m00245), AtATN1 (CAB81451), AtTAP1 (AAG52334), AtMDR14 (CAB75766), AtMDR5 (CAB80676), OsMDR6
(3361.m00121).
1126 J. Crouzet et al. / FEBS Letters 580 (2006) 1123–1130little, common structural or functional properties, such as fun-
gicides, herbicides, pesticides, antibiotics, and detergents. The
cytotoxic and mutagenic properties of several of these com-
pounds suggest the involvement of these transporters in cell
detoxiﬁcation and cell resistance [4,5]. PDR transporters are
also involved in fungicide resistance of pathogenic fungi such
as Candida albicans [16] or Penicillium digitatum [17]. In Mag-
noporthe grisea, ABC1, a PDR type gene, is required for rice
infection, probably by transporting out of the fungal cell anti-
microbials synthesized by the plant [18]. Virulence of Gibber-
ella pulicaris and its tolerance to fungitoxic compounds
produced by potato are also dependent on a PDR gene,
Gpabc1 [19]. Another PDR gene, BcatrB, is a determinant in
sensitivity of Botrytis cinerea to plant defense compounds as
well as to fungicides [20]. All together, these data indicate an
important role of fungal PDR genes in resistance to plant de-
fense compounds. Did plant PDR transporters evolve towards
a similar involvement in pathogenic processes? Data obtained
so far allow us to partly address this question as we will now
discuss for diﬀerent plant PDR clusters.
3.1. Cluster I
Of the PDR genes identiﬁed in diﬀerent plant species, only
six (SpTUR2, NpPDR1, NtPDR1, OsPDR9, AtPDR12 and
NtPDR3) have been characterized at the functional level; inci-dentally, all but NtPDR3 fall in cluster I (Fig. 1). Their expres-
sion proﬁle is summarized in Table 2.
The ﬁrst plant PDR identiﬁed was SpTUR2 from the water
plant, Spirodella polyrhiza. SpTUR2 expression is induced by
abscisic acid as well as cold and salt stress, suggesting that it
plays a role in response to abiotic stress conditions [21,22]. An-
other PDR participating in the abiotic stress response is
OsPDR9 from rice [23]. Its expression is strongly induced in
roots by osmotic and salt stress and also by hypoxic stress.
Some other factors, such as heavy metals (Cd, Zn) and redox
perturbations, also increase OsPDR9 expression [23]. Recently,
it was shown that Arabidopsis AtPDR12 is strongly induced
by lead and that transgenic plants constitutively expressing
AtPDR12 show increased resistance to Pb(II) ions in growth
tests, and that the detoxiﬁcation process seems to be glutathi-
one-independent [24]. However, the roles of these PDRs in the
complex abiotic stress response remain unknown.
The involvement of plant PDRs (including those upregu-
lated by abiotic stress mentioned above) in the biotic stress re-
sponse and plant defense has also been demonstrated.
NpPDR1 (formerly known as NpABC1) was isolated from a
Nicotiana plumbaginifolia culture cell line treated with sclareol,
a diterpene with antimicrobial properties found on the leaf sur-
face of Nicotiana species [25]. Indirect evidence supports the
hypothesis that, in addition to inducing NpPDR1 expression,
Table 2
Properties of the PDR genes characterized in detail
Gene Expression proﬁlea Abiotic stress-induced
expression
Biotic stress-induced expression Signaling molecule-/hormone-induced
expression
Putative substrate Refs.
SpTUR2 NDb Cold stress Abscisic acid Sclareol [21,22]
Salt stress
Rhodamine 6G
Cycloheximide
Sclareol
NpPDR1c Root Sclareol Pseudomonas sp. Sclareol [25,27,28]
Leaf trichome Slareolide Botrytis cinerea Methyl jasmonate
Petal epidermis Abietic acid
NtPDR1d ND INF1-elicitin from Phytophtora infestans Methyl jasmonate [29]
Flagellin from Pseudomonas syringae pv. tomato
Yeast extract
AtPDR12 Shoot Pb(II) Alternaria brassicicola Salicylic acid Sclareol [24,26]
Root Sclareol Sclerotinia sclerotiorum Methyl jasmonate
Rosette leaf Fusarium oxysporum Ethylene
Cauline leaf Pseudomonas syringae pv. tomato
Flower
OsPDR9 Salt stress Magnaporthe grisea 1-Naphthalene acetic acid [23]
Polyethylene glycol 6-Benzylaminopurine
Hypoxic stress Abscisic acid
Zn, Cd, Co, Ni Jasmonic acid
Dithiothreitol
H2O2
Ascorbic acid
Ethanol
NtPDR3d ND Iron deﬁciency Methyl jasmonate [34]
EDTA Salicylic acid
Gibberellic acid
1-Naphthalene acetic acid
aUnder normal growth conditions.
bNot determined.
cPreviously referred to as NpABC1.
dTested in suspension cells.
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1128 J. Crouzet et al. / FEBS Letters 580 (2006) 1123–1130sclareol could be a substrate of this transporter. Indeed, induc-
tion of NpPDR1 expression in N. plumbaginifolia suspension
cells correlates with decreased accumulation of a radioactively
labeled sclareol analog within the cells [25]. Sclareol also in-
duces expression of SpTUR2 and AtPDR12 [22,26], suggesting
the possible involvement of these NpPDR1 orthologs in a bio-
tic stress response and plant defense. Two stronger, but still
indirect, lines of evidence for sclareol being a substrate for
these PDRs are that Arabidopsis plants constitutively express-
ing SpTUR2 show resistance to sclareol in growth tests [22]
and that plants in which their expression is prevented by gene
knockout (AtPDR12) [26] or RNA interference (NpPDR1) [27]
are more sensitive to sclareol than wild-type plants.
Two more sets of data support the involvement of PDR
genes in biotic stress. Firstly, several hormones, such as sali-
cylic acid, methyl jasmonate, or ethylene, which are involved
in the biotic stress response, actually upregulate PDR genes.
This is the case for AtPDR12, which is induced by all three
hormones [26], while OsPDR9 and NpPDR1 are preferentially
induced by methyl jasmonate [23,27,28]. Three cis-regulatory
sequences were identiﬁed in the NpPDR1 transcription pro-
moter, one of which (sclareol box 3) is required for sclareol
and methyl jasmonate-mediated expression [28]. Secondly,
the presence of pathogens has been shown to induce expression
of PDR genes. AtPDR12 is strongly induced by fungi, such as
Alternaria brassicicola or Sclerotinia sclerotiorum, as well as
the bacterium, Pseudomonas syringae pv. tomato DC3000
[26]. NtPDR1 from N. tabacum was isolated after treatment
of tobacco BY2 (Bright Yellow) suspension cells with INF-1-
elicitin from Phytophtora infestens. Expression of this gene is
also induced after treatment with other elicitors, such as ﬂagel-
lin from P. syringae pv. tomato or yeast extract, and by methyl
jasmonate, but not salicylic acid [29]. Finally, the most direct
evidence for the involvement of PDRs in plant defense comes
from transgenic N. plumbaginifolia plants in which NpPDR1
expression was prevented by RNA interference and which, in
contrast to untransformed plants, were spontaneously infected
with B. cinerea [27].
Although stress induction of cluster I PDR genes is well doc-
umented, it is also clear that some of these genes are, in addi-
tion, constitutively expressed in certain tissues. This is the case
for the two orthologs, AtPDR12 and NpPDR1 (Table 2)
[26,27]. As already suggested for NpPDR1 [27], PDR genes
might therefore participate in both constitutive and patho-
gen-induced defense.
Most of the above data were obtained using leaf material.
However, roots are also involved in plant defense, even though
the molecular mechanisms are largely unknown. The reason
for this lack of knowledge might be the invisibility of the plant
root zone [30]. It will be essential to determine which second-
ary metabolites are exported from roots in order to control
pathogens present in soil. Expression of PDR genes, such as
AtPDR12 or NpPDR1, in roots might suggest that PDR pro-
teins play a role in the extrusion of defensive compounds not
only in leaves, but also in roots.
Alternatively, we might speculate that involvement of PDR
transporters in plant defense relies on the transport of signal-
ing rather than defense molecules. Indeed Seo et al. [31] have
shown that WAF-1, a diterpene found in the intercellular
space of wounded tobacco leaves, functions as a signal for
inducing expression of wound- and pathogen-inducible de-
fense-related genes in tobacco plants. WAF-1 is a labdanediterpene closely related to sclareol. We can therefore specu-
late that some PDR proteins might transport this signaling
molecule.
Plant defense might not be the only role of cluster I PDR
genes. For instance, NpPDR1 has been reported to be consti-
tutively expressed in the upper part of the petal. Although this
observation could still support a defensive role of this gene, we
can as well speculate that NpPDR1 might transport ﬂoral fra-
grances playing a role in attracting insects involved in pollina-
tion. Many of these metabolites have been identiﬁed but the
way they are transported to the surface is still unknown [32].
The fact that the same enzyme would transport both defense
and attraction molecules is not a problem since some ABC
transporters are known to transport many diﬀerent substrates
with unrelated structure.
An alternative role might also be proposed for PDR genes
expressed in the root. Indeed, host roots release signaling mol-
ecules that trigger hyphal branching of arbuscular mycorrhizal
fungi. Branching factors have been isolated from root exudates
of Lotus japonicus. They are strigolactones, a group of sesqui-
terpene lactones, known as seed-germination stimulants and
induce extensive hyphal branching in germinated spores of
mycorrhizal fungi [33]. How these terpenoid signaling mole-
cules are transported out of the cell is still unknown. ABC
transporters such as NpPDR1 might be good candidates for
this function.
3.2. Cluster II
A gene denoted NtPDR3 was recently cloned from N. taba-
cum, and a part (ca. 800 base pairs) of its promoter region was
also isolated [34]. It was also shown that NtPDR3 expression is
induced in N. tabacum suspension cells after iron starvation.
Furthermore, an IDE1 (iron deﬁciency responsive element 1)
box of 16 nucleotides was identiﬁed in the promoter region.
This regulatory element has previously been found in the pro-
moter regions of several genes activated during iron deﬁciency
[35]. These data suggest that the NtPDR3 transporter may
play a role in iron acquisition. This would be a completely
new and previously unsuspected physiological function for a
PDR transporter.
The tissue-speciﬁcity of NtPDR3 expression is still un-
known, but the expression of several Arabidopsis genes
belonging to the same cluster has been shown to be highest
in root tissues. AtPDR2, AtPDR9, and AtPDR13 seem to be
expressed exclusively in roots, while AtPDR5 is most abun-
dantly expressed in root tissues [9,13]. This indicates that sev-
eral of the members of this cluster may be functioning in roots.
Since iron deﬁciency induces NtPDR3, it can be hypothesized
that some of these genes participate in the uptake of iron or
possibly other micronutrients. Interestingly, in a microarray
analysis of an Arabidopsis mutant lacking an iron deﬁciency-
induced transcription factor (FIT1), AtPDR9, the closest
Arabidopsis homologue to NtPDR3, was found to be downreg-
ulated [36]. In order to speculate about the role PDR proteins
might play in iron uptake, we will brieﬂy summarize what is
known about the strategies by which plants overcome iron
deﬁciency.
‘‘Strategy I plants’’, such as Arabidopsis and tobacco, induce
three main activities when iron levels are low [37]: (1) Proton
pumping is increased in the roots, leading to a lowered pH
in the soil, which makes Fe(III) more soluble. (2) Ferric chelate
reductase activity is induced, reducing Fe(III) to Fe(II). (3)
J. Crouzet et al. / FEBS Letters 580 (2006) 1123–1130 1129Fe(II) is transported into the plant root by iron transporters.
In addition, secreted chelating agents, such as organic acids,
have been identiﬁed and might help to keep iron soluble. How-
ever, there are no clues as to how they are transported out of
the cell. NtPDR3 might be involved in iron uptake from the
soil or in secreting chelating agents. Furthermore, it is known
that iron is chelated by nicotianamine within the plant, and
that this chelation is critical for the distribution of iron in
the plant [38]. However, several of the transporters that would
be expected to be present for the transport of iron or chelated
iron in plants have not been detected [39]. Another possibility
might be that NtPDR3 plays a role in internal long distance
iron transport in plants.
In order to ﬁnd out more about the role of NtPDR3 and its
closest homologs, it would be helpful to study their expression
proﬁles. If NtPDR3 were to play a role in iron uptake or che-
lator secretion, it would be expected to be expressed in the epi-
dermal or endodermal cells of the plant root; however, if it
were involved in iron translocation, expression might be ex-
pected in other cells and not exclusively in the root.
The Genevestigator microarray database (http://www.gene-
vestigator.ethz.ch/; [13]) shows expression of two Arabidopsis
cluster II members, AtPDR5 and AtPDR9, in response to abi-
otic stress. These genes are also regulated by hormones, such
as methyl jasmonate, salicylic acid, or auxin, and respond to
bacterial and fungal pathogens. AtPDR5 and AtPDR9 are ex-
pressed together during germination and seedling stages, but
only AtPDR9 is expressed during the ﬂowering stage. These
data are in part in agreement with a previous Northern blot-
ting analysis [9]. It is therefore possible that cluster II PDR
genes have diﬀerent physiological roles, e.g., responding to
both biotic and abiotic stress, as seems to be the case for clus-
ter I genes.
3.3. Other clusters
There has not been any detailed analysis of genes belonging
to the other PDR clusters. From analysis of the microarray
[13] and Northern blotting [9] data, it is clear that the PDR
genes belonging to the other clusters are expressed in various
tissues and upregulated by various abiotic and biotic stresses,
nitrogen deprivation, and several hormones. We therefore can-
not predict physiological functions for these clusters before de-
tailed analysis of their members has been performed.4. Subcellular localization
Plasma membrane localization has been demonstrated for
NpPDR1, NtPDR3, and SpTUR2. All the characterized yeast
PDRs are also localized to the plasma membrane. However, we
should be cautious in generalizing these observations to the
whole PDR family, since, until AtMRP4 was found to be local-
ized to the plasma membrane [40], plant MRPs were long
thought to all localize to the tonoplast (vacuolar membrane).5. What are the substrates for plant PDRs?
Despite the wealth of data about the expression and function
of several plant PDR genes, the substrate proﬁles of the encoded
transporters are still totally unknown. The best guess can bemade for NpPDR1, SpTUR2, and AtPDR12, for which, as dis-
cussed above, there is evidence that the diterpene sclareol might
be a substrate. However, this should be conﬁrmed by direct
transport measurements. The paradox is that sclareol has not
been reported as a quantitatively important secreted molecule
in the corresponding species. It is therefore unlikely that this
diterpene is the only substrate of these transporters. This dis-
crepancy can be explained if we recall that someABC transport-
ers, such as yeast PDRs or mammalian MDRs, are able to
transport a wide range of structurally unrelated substrates. This
is in agreement with the observation that AtPDR12 is also in-
volved in lead resistance [24] and thus might transport, besides
diterpenes, lead or lead-related toxic compounds.
Expressing SpTUR2 in Arabidopsis, van den Bruˆle et al.
[22] observed that root growth in transgenic plants became
resistant to sclareol, but not to several other toxic compounds
against which S. cerevisiae ScPDR5 confers resistance in
yeast. This suggests that ScPDR5 and SpTUR2 do not share
common substrates, but does not exclude the possibility that
plant PDRs also have multiple substrates. Clearly, experimen-
tal approaches that directly address transport activities are re-
quired to precisely determine PDR substrates. Unfortunately,
heterologous expression of plant PDRs in S. cerevisiae has
not been successful ([22]; Crouzet and Boutry, unpublished
data). Other expression systems will therefore have to be
developed to identify PDR substrates and give a hint to their
physiological roles.6. Can a single model species be used to study PDR genes?
Given the large number of PDR genes, and, more generally,
ABC genes, it would make sense to concentrate research eﬀorts
on a single species, which, in this case, should be either Arabid-
opsis or rice, since the whole genome has been sequenced and
all the ABC genes are therefore available. However, because
these enzymes seem to transport secondary metabolites and be-
cause these vary considerably between plant species, it is not
sure that data obtained from a single species could be easily
transposed to others. At least three observations support this
assumption. One is the large diﬀerence in gene numbers within
the PDR family between Arabidopsis and rice which, as noted
before, could reﬂect the divergent specialization of transport
along the divergent specialization of metabolic pathways.
The second observation is the high sequence divergence ob-
served between plant PDR genes (typically 50–70% identity),
while close to 80% identity is observed within P-type ATPase
families, the function of which is much more highly conserved
[41]. Finally, as already mentioned, experimental data ob-
tained for the orthologs AtPDR12 and NpPDR1 indicate that
these genes partly diﬀer in their expression proﬁle and their re-
sponse pattern to diﬀerent hormones.
In conclusion, recent years have brought some hints con-
cerning the physiological roles of, and the substrates trans-
ported by, plant PDR transporters. However, we are far
from an integrated view of this ABC family. Although the
whole gene family has been identiﬁed in Arabidopsis and rice,
knowing their sequence does not help in identifying their func-
tions. We will therefore rely on genetic approaches aimed at
overexpressing or downregulating individual PDR genes. Het-
erologous expression would also be an interesting approach to
speciﬁcally identify the PDR substrates.
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